Hexakis(4-methoxyphenyl)benzene (HPB-OMe(1)) and hexakis(2,6-dimethyl-4-methoxyphenyl)benzene (HPB-OMe(2)) were synthesized via organometallic complex catalysis. The treatment of HPB-OMe(1) with FeCl 3 caused cyclodehydrogenation at two positions to yield an oligophenylene with an indeno[1,2-b]fluorene structure (IF-OMe). Deprotection of the methoxy groups of these compounds was conducted by treatment with BBr 3 . Deprotonation of the OH groups of HPB-OH(1), HPB-OH(2), and IF-OH through treatment with NaH caused a bathochromic shift in the absorption and photoluminescence (PL) peaks. The bathochromic shift of the deprotonated species increased with the donor number (DN) of the solvents. These observations can be explained as the consequence of intramolecular charge transfer (ICT) from the ONa groups to the inner benzene rings.
Introduction
Oligo(p-phenylene)s (OPs) are an important class of π-conjugated oligomer [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . We have recently reported on oligo(p-phenylene) compounds with an OH group located at either one end or at both ends, namely, OPP(n) -OH (where n is the number of benzene rings) and HOArPh(n)-OH species (Ar = 9,9-dihexylfluorene -2,7-diyl and 2,5-dioctyloxybenzene-1,4-diyl), respectively [19, 20] . These OPP(n)-OH and HO-ArPh(n)-OH compounds exhibited significant solvatochromism where deprotonation of the OH groups, when treated with NaH, caused a bathochromic shift of λmax that increased with the DN of the solvent. The solvatochromism exhibited by OPP(n) -ONa and NaO-ArPh(n)-ONa was attributed to an ICT from the sodium phenoxy group(s) to the adjacent rings [19, 20] . The degree of bathochromic shift in the deprotonated species increased with an increase in the chain length that corresponds to the expansion of the π-conjugation system. However, ICT behavior in branched oligophenylenes containing OH groups remains unclear.
Hexaphenylbenzenes (HPBs) are an important class of aromatic compounds in the field of materials science, acting as precursors for graphite-like, dendritic, or photoconductive polycyclic aromatic hydrocarbons [21, 22] . HPBs also serve as guest-inclusion organic crystals directed to organic zeolites [23, 24] . In this study, the optical properties of HPB-OH compounds were investigated before and after deprotonation of the OH groups. The π-conjugated system of the HPBs is comparatively small because of the presence of steric hindrance between the phenyl groups. We herein therefore also studied an OP which has its OH groups substituted with a planar indeno [1,2-b] fluorene structure (IF-OH), synthesized by the cyclodehydrogenation of HPB-OH, and subsequently investigated its solvatochromic behavior. IFs have attracted considerable attention because they can be useful materials for electroluminescence and photovoltaic devices [25, 26] . These applications are based on the fact that IFs have a more extended coplanar, fused structure, which thus enables extended π-conjugation and improves their carrier mobilities compared to simple fluorene derivatives. The large carrier mobility in IFs is suited to the development of new solvatochromic materials based on ICT. The investigation into the optical properties of HPB-OH and IF-OH will afford information pertinent to the development of new solvatochromic materials. It is noteworthy that IF-OH is expected to be a useful starting material for the synthesis of new IFs through reactions using the OH groups. To the best of our knowledge, this
is the first example of IFs with reactive groups.
We herein report on the synthesis of HPBs and IF with OH groups and their optical properties before and after the deprotonation of the OH groups.
Experimental

General
Solvents were dried, distilled, and stored under nitrogen. Reagents were purchased and used without further purification. Reactions were carried out with standard Schlenk techniques under nitrogen.
IR and NMR spectra were recorded on a JASCO FT/IR-660 PLUS spectrophotometer and a JEOL AL-400 spectrometer, respectively. Elemental analysis was performed on a Yanagimoto MT-5 CHN corder. UV-Vis and PL spectra were obtained by a JASCO V-560 spectrometer and a JASCO FP-6200 spectrofluorometer, respectively. Quantum yields were calculated by using a diluted ethanol solution of 7-dimethylamino-4-methylcoumarin as the standard.
Synthesis
Synthesis of 1
4-Bromoanisole (1.4 g, 7.5 mmol), bis(tributylstannyl) acetylene (2.4 g, 3.9 mmol), and Pd(PPh 3 ) 4 (0.50 g, 0.43 mmol) were dissolved in 20 ml of dry toluene under N 2 . After the reaction solution was refluxed for 48 h, the solvent was removed under vacuum. The resulting solid was purified by column chromatography (eluent = CHCl 3 ) and recrystallized from chloroform. The yellow crystals were collected by filtration, washed with cold methanol, and dried under vacuum to give 1 as a yellow solid (0.38 g, 43% 
Synthesis of HPB-OH(1)
After a dichloromethane solution (5 ml) of BBr 3 (0.34 ml, 3.6 mmol) was added dropwise to a dichloromethane solution (20 ml) of HPB-OMe(1) (0.096 g, 0.13 mmol), the reaction solution was stirred at 20˚C for 30 h and quenched with water. The resulting precipitate was collected by filtration and dried under vacuum to give HPB-OH(1) as a pink solid (0.047 g, 55%). 
Synthesis of HPB-OH(2)
HPB-OH(2) was synthesized using a procedure similar to that used for HPB-OH (1) was added to dry nitromethane solution (7 ml; N 2 bubbled before use) of FeCl 3 (0.37 g, 2.3 mmol) at 0˚C, the reaction solution was stirred at 20˚C for 1.5 h. The reaction solution was added to water (50 ml), extracted with dichloromethane, and dried over magnesium sulfate. After the solvent was removed under vacuum, the resulting solid was washed with methanol, collected filtration, and dried under vacuum to give IF-OMe as a light brown solid (57 mg, 72%). 1 
Synthesis of IF-OH
After a dichloromethane solution (2 ml) of BBr 3 (0.21 ml, 2.2 mmol) was added to a dichloromethane solution (13 ml) of IF-OMe (0.057 g, 0.083 mmol), the reaction solution was stirred at 20˚C for 30 h and quenched with water. The resulting precipitate was collected by filtration and dried under vacuum to give IF-OH as a green solid (0.030 g, 58%). The structures of the newly synthesized compounds were determined by 1 H and 13 C NMR spectroscopy and elemental analysis. The solubilities of the obtained compounds are summarized in Table 1 . HPB-OMe(1) and HPB-OMe(2) were soluble in polar organic solvents such as 1,4-dioxane, tetrahydrofuran (THF), N,N-imethylformamide (DMF) and dimethyl sulfoxide (DMSO) as well as in less polar organic solvents such as chloroform and dichloromethane. However, HPB-OH(1) and HPB-OH(2) were soluble in DMF and DMSO but insoluble in dichloromethane and chloroform because of the presence of hydrophilic OH groups. IF-OMe was soluble in dichloromethane and 1,4-dioxane but insoluble in polar organic solvents such as DMF and DMSO, whereas IF-OH was soluble in the polar organic solvents because of the presence of the OH groups but insoluble in less polar organic solvents. , respectively. The IR spectrum of HPB-OH(1) exhibited a strong sharp absorption due to the hydrogen bonding free OH group at 3576 cm -1 and a broad absorption due to the hydrogen bonding OH group at around 3340 cm -1 . In contrast, while the IR spectrum of HPB-OH(2) exhibited a strong sharp absorption due to the hydrogen bonding free OH group at 3576 cm -1 , no absorption was observed for the hydrogen bonding OH group. The inhibition of intermolecular hydrogen bonding in HPB-OH(2) is attributed to the presence of the methyl groups at the 2-and 6-positions in HPB-OH(2). The IR spectrum of IF-OMe exhibited absorption bands corresponding to C=O and C-O stretching vibrations and out-of-plane C-H bending vibrations of p-phenylene, observed at 1661 cm -1 , 1246 cm -1 , and 833 cm -1 , respectively. IF-OH exhibited absorption peaks corresponding to hydrogen bonding O-H stretching vibrations in the range 2500 -3300 cm -1 , and peaks corresponding to C=O and C-O stretching vibrations and out-of-plane C-H bending vibrations of pphenylene at 1652 cm -1 , 1236 cm -1 , and 868 cm -1 , respectively. The fact that the band corresponding to the C=O stretching vibrations of IF-OH was observed at a shorter wavenumber than that for IF-OMe is attributed to the intermolecular hydrogen bonding via the OH group.
IR and NMR Spectra
The 1 H NMR spectra of HPB-OMe(1) and HPB-Me(2) exhibited a peak corresponding to the methoxy H-atoms at δ 3.63 and 3.50, respectively, and that of IF-OMe(1) exhibited two peaks corresponding to the methoxy H-atoms at δ 3.68 and 3.88. These peaks disappeared in the 1 H NMR spectra of the corresponding deprotected species, thus suggesting that the deprotection reaction proceeded to completion. The peaks corresponding to the Copyright © 2012 SciRes. IJOC
I. YAMAGUCHI, K. TSUCHIE 182
phenyl H-atoms of HPB-OMe(1) and HPB-OMe(2) were observed at higher magnetic field positions than those of 1 and 2. These observations may be due to the presence of the ring current effect in HPB-OMe(1) and HPB-OMe(2). The peaks corresponding to the OH groups of HPB-OH(1) and HPB-OH(2) were observed at δ 8.83 and 7.56, respectively, whereas those of IF-OH were observed at δ 9.56 and 9.61. The fact that the peak corresponding to the OH groups of HPB-OH(2) was observed at a higher magnetic field position than that of HPB-OH (1) is because of the presence of the electron-donating methyl groups adjacent to the OH groups in HPB-OH (2) .
Deprotonation of the OH groups of HPB-OH(1), HPB-OH(2), and IF-OH was carried out through treatment with an excess amount of NaH in DMSO-d 6 . The result is that the signal corresponding to the OH group disappeared from the 1 H NMR spectra for solutions of HBC-OH, HPB-OH(1), HPB-OH(2), and IF-OH(1) in the presence of NaH, indicating that the deprotonation proceeded quantitatively. Tables 2-4 . The THF solutions of HPB-OH(1) and HPB-OH(2) each exhibited three absorption peaks. It has been reported that m-terphenyl can be regarded as a combination of two molecules of biphenyl of the C 1 group [28] . The observation of three absorption peaks in HPB-OH(1) probably derives from the assumption that it can be regarded as a combination of three molecules of dihydroxy-o-, m-, and p-terphenyl. o-, m-, and p-terphenyls exhibit an absorption peak at 260 nm, 240 nm, and 290 nm, respectively. These wavelengths are consistent with those observed for the THF solution of HPB-OH(1). The absorption peaks of HPB-OH(2) are observed at shorter wavelengths than those of HPB-OH(1). This observation is attributed to the larger bond twisting between the 2,6-dimethyl-4-methoxyphenyl ring and the central benzene ring in HPB-OH(1) compared with that between the 4-methoxyphenyl ring and the central benzene ring in HPB-OH (2) . As shown in Figure 2iii , the UV-Vis spectra of IF-OMe and IF-OH can be divided into two clearly distinguishable parts. These two regions appear to be separate states of electronic transition, shown in The treatment of the DMSO solutions of HBC-OH, HPB-OH(1), HPB-OH(2), and IF-OH(1) with NaH causes a bathochromic shift in absorption bands by approximately 20-60 nm. The formation of HBC-ONa, HPB-ONa(1), HPB-ONa(2), and IF-ONa(1) was mainly responsible for the shift of λmax towards a longer wavelength. To prove that these observations were due to the deprotonation of the OH groups after treatment with NaH, we confirmed that there was no change in the absorption spectra of HBC-OMe, HPB-OMe(1), HPB-OMe(2), and IF-OMe(1) upon the addition of NaH. The absorption peaks at 238 nm, 262 nm, and 288 nm in the UV-Vis spectrum of HPB-OH(1) correspond to the π-π* transition of the m-, o-, and p-terphenyl moieties in this compound, respectively. These peaks shifted to longer wavelengths after treatment with NaH, by 5 nm, 5 nm, and 20 nm, respectively. The degree of bathochromic shift in the peak that corresponds to the electric transition along the p-terphenyl moiety was the largest of the three described. This result suggests that ICT from the ONa group to the inner benzene rings was preferred through the p-terphenyl moiety. No significant bathochromic shift was observed in HPB-ONa(2). This is because of the bond twisting between the 2,6-dimethyl -4-methoxyphenyl and central benzene rings. The UV-Vis spectrum of IF-ONa was somewhat ambiguous because it was partly soluble in organic solvents. However, bathochromic shifts were observed in the case of IF-ONa.
UV-Vis Absorption and Solvatochromism
The bathochromic shift attributable to deprotonation is dependent on the DN of the solvent used. As summarized in Tables 2-4 , absorptions for HPB-OH(1), HPB-OH(2), and their deprotonated species shifted to longer wavelengths as the DN of the solvent was increased. In contrast to the small bathochromic shift for HPB-OH (1) The large Δλ value can be attributed to the fact that solvents with a high DN effectively solvate with Na + to stabilize the deprotonated species in the solutions. Similar solvatochromic behavior was observed in the cases of OPP(n)-OH (n = 4 and 5) and OPP(n)-ONa (n = 4 and 5), as reported earlier [29] . The fact that the Δλ values for HPB-ONa(2) were smaller than those for HPB-ONa(1) corresponds to the reduced length of π-conjugation in HPB-ONa(2) that arises from the bond twisting between 2,6-dimethyl-4-methoxyphenyl and the central benzene rings.
Photoluminescence
The compounds obtained in this study and their deprotonated species are photoluminescent in solution. IF-OH shifted to longer wavelengths after deprotonation with NaH. This shift is comparable to the bathochromic shift observed in the UV-Vis spectra of these compounds. The emission peak positions for HPB-OH(1), HPB-OH(2), IF-OH, and their deprotonated species depended on the DN of the solvent. As summarized in Tables 2-4 , by varying solvents such as CH 2 Cl 2 and 1,4-dioxane, which have small DN values, with those such as DMF and DMSO, which have large DN values, it is observed that the emission peak positions for HPB-OH(1) and HPB-OH(2) shift by only 3 -13 nm. However, a significantly large shift in the emission peaks for HPB-ONa(1), HPB-ONa(2), and IF-ONa(1) occurred as the DN of the solvent was increased. These observations are consistent with the result that, with an increase in the DN of the solvent, λmax of HPB-ONa(1), HPB-ONa(2), and IFONa(1) in solution shifts to a longer wavelength than that of HPB-OH(1), HPB-OH(2), and IF-OH(1). The remarkable solvatochromic shift of the PL peak position of HPB-ONa(1) and HPB-ONa(2) may be due to the shift in charge from the phenolate group to the adjacent rings. In addition to the effect of charge shift, a large amount of stabilization energy produced by the solvation of HPBONa(1) and HPB-ONa(2) may contribute to the solvatochromic red shift as the DN of the solvent is increased. There was no change in the PL spectra of HPB-OMe(1), HPB-OMe(2), and IF-OMe(1) upon the addition of NaH, which suggests that the solvatochromism in HPBONa(1), HPB-ONa(2), and IF-ONa(1) can be attributed to the deprotonation of the OH group after treatment with NaH. Figure 5 shows the PL spectra of the methanol solutions of HPB(1)-OH containing different amounts of NaOH. It is observed that the peak at 371 nm decreases and a new emission peak at 475 nm appears as the concentration of the base is increased. This result confirms the fact that the emission peaks at 371 nm and 475 nm originate from HPB(1)-OH and HPB(1)-ONa, respectively.
The quantum yields of the PLs of the DMF solutions of HPB-ONa(1) and HPB-ONa(2) were 2%, 7%, respectively, while those of HPB-OH(1) and HPB-OH(2) were 24% and 8%, respectively. The fact that the quantum yields of the PLs of HPB-ONa(1) and HPB-ONa(2) are lower than those of HPB-OH(1) and HPB-OH(2) is attributed to the intramolecular charge shift (ICT) in HPB-ONa(1) and HPB-ONa(2). It has been reported that the ICT in π-conjugated molecules reduces their PL emission efficiencies [8] .
Conslusion
HPBs with hydroxyl groups (HPB-OH species) and their derivatives with an indeno[1,2-b]fluorene structure were obtained by using reactions with transition metal complexes. The treatment of these compounds with a base produced corresponding deprotonated species, whose absorption and PL peak positions in solution shifted towards longer wavelengths with an increase in the DN of the solvent. The optical properties of the HPB-OH compounds were significantly affected by bond twisting between the hydroxyphenyl group and the central benzene ring. The introduction of a planar indeno[1,2-b]fluorene structure to the HPB-OH enhanced its solvatochromic behavior. The results obtained in this study will be useful in providing information for the development of new solvatochromic materials.
